A method to fabricate all-in-fiber liquid microcells has been demonstrated which allows for the incorporation of complex hollow-core photonic crystal fibers (HCPCFs). The approach is based on a mechanical splicing method in which the hollow-core fibers are pigtailed with telecoms fibers to yield devices that have low insertion losses, are highly compact, and do not suffer from evaporation of the core material. To isolate the PCF cores for the infiltration of low index liquids, a pulsed CO 2 laser cleaving technique has been developed which seals only the very ends of the cladding holes, thus minimizing degradation of the guiding properties at the coupling region. The efficiency of this integration method has been verified via strong cascaded Raman scattering in both toluene (high index) core capillaries and ethanol (low index) core HCPCFs, for power thresholds up to six orders of magnitude lower than previous results. We anticipate that this stable, robust all-fiber integration approach will open up new possibilities for the exploration of optofluidic interactions.
Introduction
All-in-fiber microcells provide a useful platform from which to investigate the interaction between light and fluidic media [1] [2] [3] [4] [5] . Compared to the traditional bulk gas cells and liquid cuvettes, fibers with hollow micro-scale cores can provide high intensities over much longer interaction lengths. As such, they can facilitate strong light-fluid interactions that are highly desirable for the development of efficient laser devices [1] [2] [3] [4] [5] [6] , optofluidic sensors [7, 8] , and nonlinear optical applications [9] [10] [11] [12] [13] . Furthermore, by integrating the microcells with telecoms fibers there is potential to exploit material properties that are unique to fluids in a compact and stable geometry for application in wide ranging areas. For example, gas fiber microcells made from hollow-core photonic crystal fibers (HCPCFs) have found use in compact gas lasers, laser frequency locking, and high-harmonic generation [1, 11] , while liquid fiber microcells have been demonstrated for wavelength conversion and high-speed optical switching [2, 13] . However, although it is relatively straightforward to splice the gas cells directly to telecoms fibers, even for highly flammable gases [1] , in general integrated liquid cells are much more complicated to fabricate as any air bubbles inside the liquid or at the joint interfaces will cause significant propagation losses [14] [15] [16] . As a result, integrated liquid cells have to date been restricted to the use of simple capillary fibers (CFs) so that the fluid index must be higher than that of silica in order for the core to guide via total internal reflection (TIR). The ability to integrate HCPCFs into a liquid microcell would thus be highly advantageous in terms of extending the range of accessible liquids [17] , though would also allow for extensive tailoring of the dispersion and nonlinear properties through design of the microstructured cladding. This latter point is of significant interest for investigating both the temporal and spatial dynamics of nonlinear phenomena such as solitons in microfluidic waveguides [2, 18] .
Previous approaches to integrating liquid microcells with telecoms fibers have typically employed fusion splicing methods. Kieu et al. [12, 13] have developed a gap-splicing method, where the liquid is infiltrated through a glass vial positioned over the join. This approach allows for low-loss integration, though the use of a bulky liquid container negates many of the fiber benefits such as compactness and flexibility. Alternatively, Lopez-Cortes et al. [19] have utilized a multiple splicing method to allow liquid to flow through various multihole CFs resulting in a device that is completely fiberized and highly compact, though somewhat complex to fabricate. Whether either of these methods could be used for the construction of microcells with complex HCPCFs has yet be determined, though there are obvious challenges to overcome both in terms of optimizing the splicing and avoiding unwanted filling of the cladding holes.
Here we propose a new approach to fabricating all-in-fiber liquid microcells (AFLMs) that is compatible with a wide range of CFs and PCF platforms, and provide the first demonstration of an integrated HCPCF device. The method is based on mechanically splicing the microcells to telecoms fibers using large diameter tapered capillaries as sleeves, which also act as containers for the liquid. The compact devices are completely sealed so that they are stable, robust, and flexible to handle. To allow for selective filling into the cores of HCPCFs, we have also developed a simple and effective method to seal the cladding holes using a pulsed CO 2 laser, which minimizes any disruption to the guiding properties at the coupling region. The suitability of this integration approach for wide ranging materials investigations is demonstrated through efficient cascaded Raman scattering both in high index (toluene) core CFs and low index (ethanol) core HCPCFs.
Principle and experiments
Complete integration of liquid microcells is important not only to improve the handleability of devices, but also to avoid liquid evaporation for stable operation. The basic idea of our mechanical splicing method is illustrated in Fig. 1 . The process starts with each end of the fiber microcell being inserted into a wide diameter (~150 µm internal diameter) capillary sleeve. To aid with the alignment, the sleeves are tapered to have a waist with an inner diameter equal to the outer diameter of standard fibers (~125 µm). The choice of taper waist also ensures that the sleeved fibers are held tightly so that they are less susceptible to misalignment when moved. The liquid is then infiltrated into the microcell either via capillary action or through pumping with a syringe until it is completely filled. The tapered sleeve can also be used to hold extra liquid, so that if any evaporation does occur the core remains fully filled and the coupling facets are not compromised. Finally, two single mode fibers (SMFs) are inserted into the open ends of the sleeves to form the seamless joints. Care should be taken during the insertion so that any trapped air at the endface of the SMF can leak out through the liquid filled gap between the SMF and sleeve. The ends of the sleeves are then sealed using a suitable adhesive to improve the device stability. Figure 2 shows the experimental setup to make a AFLM using a standard CF. The sleeved CF and syringe needle were pushed through a polymer septum of a cap into a vial filled with toluene, see Fig. 2(a) , which has an index of n~1.50 at 532 nm (>n silica~1 .46). The syringe was connected to a controllable pressure cylinder to force the liquid through the CF, with a typical applied pressure of ~1-2 bar. Figure 2(b) shows the other end of the CF inserted inside the tapered sleeve, which has an outer diameter of ~335 µm (tapered down from 400 µm). The complete filling of the CF is confirmed in Fig. 2(c) where the toluene can be seen to flow into the tapered sleeve, a process that was typically completed within minutes for a few tens of centimeters, and in less than half an hour for several meters. The final stage in Fig. 2(d) shows the inserted Corning SMF-28 fiber aligned to the liquid-core CF, from which it can be seen that there is no trapped air at the interface joint. To illustrate some of the advantages of this method, Figs. 2(e) and 2(f) show a comparison between an AFLM device and that of the gap-splicing approach [12] . It is clear that the AFLM in Fig. 2(f) is not only more compact, but is also easier to handle and can be moved around without any additional stabilization (such as the microscope slide in Fig. 2(e) ). Furthermore, the robustness of the AFLM could be improved, for example, by inserting into a steel tube protector.
To investigate the insertion losses associated with the AFLM devices, transmission measurements were conducted on two CFs, both 0.5 m in length, but with different inner core diameters of 10 µm and 5 µm. For the 10 µm CF we measured a device transmission of up to 80% at a wavelength of 690 nm, where the toluene loss is ~0.4 dB/m (~5% loss due to material) [17] . As the mismatch between the fundamental fiber modes is very low (<0.05 dB as calculated via the overlap integrals), we attribute the remaining loss to scattering and some minimal interface loss. For the 5 µm CF the device transmission is reduced to ~40%, from which we attribute the additional 2.3 dB loss to the modal mismatch between the SMF and smaller toluene core CF. It is worth noting that we can achieve a ~10% increase in the coupling efficiency when comparing our mechanical method versus that of the gap-splicing approach, as calculated for the devices shown in Fig. 2 fabricated with 5 µm core CFs. The SMF on the left-hand side is seamlessly aligned to the toluene core CF. Photographs of (e) an integrated device using the gap-splicing method used in [12] and (f) our mechanically spliced AFLM. The inset in (e) shows light coupled through the gap-splicing joint.
Having demonstrated the practically of our mechanical splicing method for CFs, we looked to extend this to the integration of more complex HCPCFs. Although it would be straightforward to completely fill the PCFs with the liquids which, for example, would be of use for investigations of spatial or non-localized solitons [2, 18] , our aim for this work was to construct a device which retained the air-silica cladding structure so that the core could be used to incorporate a liquid with an index lower than silica, and yet still guide via TIR. Various methods have been developed to fill the center core of HCPCFs by blocking the cladding holes [20, 21] , though these typically disrupt the guiding properties at the fiber ends so that they cannot be butt coupled to SMF. To mitigate this, we have established a new technique to seal the cladding holes using a pulsed CO 2 laser cleaver. The method makes use of the fact that when laser cleaving PCFs, a thin layer of silica melts to cover the end-face and block the holes, without inducing any longitudinal deformation. Owing to the reduced silica content near the core of a HCPCF, it is thus possible to adjust the laser parameters so that the cladding holes are covered while the large center core remains open, as illustrated via the schematic in Fig. 3(a) . For the HCPCF used in our work, we found that with the optimum laser parameters of P peak = 250 W, ΔT fwhm = 150 µs, and a repetition rate of 1 kHz, we could cover the cladding holes with 10 incident pulses, but yet the deformation length was as short as ~14 µm, as shown in Fig. 3(b) . For comparison, Fig. 3(c) shows the minimum deformation length of ~130 µm obtained when using the popular method of collapsing the cladding holes with a fusion splicer [20] . It is clear from these results that as the focused laser cleaving method reduces the heat zone, this greatly minimizes the region over which the holes are collapsed to lessen any disruption to guided light, allowing for butt coupling to SMF. [20] . Figure 4(a) shows the cross-sectional image of the HCPCF from Fig. 3(b) before the cladding holes were sealed. This HCPCF was not specifically designed for coupling to an SMF and had a large core diameter of ~23 µm, as well as a large 165 µm outer cladding that had to be tapered down to 125 µm at the ends to fit into the sleeve (~18.7 µm core diameter), though this could be done with minimal impact to the microstructure (see inset). The crosssection of the laser processed HCPCF is shown in Fig. 4(b) , from which it can be seen that although all of the cladding holes are closed, the center hole has remained open with only a slight shrinkage of ~6% (17.6 µm core). Integration of the HCPCF with the SMF pigtails then follows the same procedure as Fig. 2 , with the fabricated device shown in Fig. 4(c) . Owing to the low index (air-silica) cladding, the HCPCF core could be filled with low index ethanol, n~1.36 at 532 nm, as illustrated in Fig. 4(d) . The measured device transmission for a 0.5 m long HCPCF-AFLM at 635 nm was ~50%, where the ethanol loss is 1 dB/m (~10% material loss) [17] . We attribute the remaining loss to a combination of the mode mismatch (~1 dB), tapering losses (~0.5 dB), as well as some scattering and minimal interface loss as before. Owing to the large core size, it is also quite likely that coupling into high order modes may occur, which will reduce the efficiency of the light-fluid interactions. Nevertheless, the fabricated device serves to demonstrate the proof-of-concept for integrated HCPCFs, and the transmission of this device is still much higher than in previous investigations of nonintegrated HCPCFs [10] due to the improved stability of the coupling facet. We expect that the overall transmission and efficiency of the PCF-AFLM devices would be improved significantly with a specially designed HCPCF, which is subject to ongoing research. To investigate the efficiency of our mechanical splicing approach for nonlinear light-fluid interactions, we use the set-up in Fig. 5(a) to measure the stimulated Raman scattering (SRS) spectra from the AFLM devices. The pump laser is a frequency doubled Nd:YVO 4 Qswitched 10 ns pulsed source at 532 nm, with a repetition rate of 20 Hz. A short pass wavelength filter was used to remove the residual 1064 nm pump before launching into the fiber system and the input power was adjusted using a tunable attenuator. The SRS spectrum obtained for the 0.5 m long toluene filled 5 µm core CF-AFLM is shown in Fig. 5(b) , at an average pump power of 30 µW (150 W peak power). We note that the threshold of the first stokes line is only 8.5 µW (peak power of 42.5 W), which compared to previous reports is around 6 orders of magnitude lower [22] . We attribute this greatly improved efficiency both to the lower device insertion loss of our all-fiber system and its compatibility with small core capillaries (a reduction of ten times over the core size in [22] ). Careful inspection of the spectrum reveals that as well as the four cascaded stokes lines corresponding to the aromatic ring mode at a shift of 1006 cm −1 (562 nm, 596 nm, 634 nm, and 677 nm), it is also possible to identify the first stokes of the CH stretching mode at 3060 cm −1 (636 nm). Furthermore, from the inset we can see that the strong aromatic stokes line at 562nm is also able to pump the CH stretch, as evidenced by the second peak at 679 nm. Thus the high efficiency of this device demonstrates the potential for these AFLMs to find use in investigations of more complex, multi-stage light-fluid interactions. Finally, Fig. 5(c) shows the SRS spectrum obtained for the ethanol HCPCF-AFLM. In this experiment a longer 2.5 m device was used to extend the interaction length owing to the use of the large core HCPCF (~23 μm), which was similar to the 2.8 m length used by Yiou et al. in [9] for an 11 µm core device . However, despite the larger core, we have still observed two cascaded stokes lines due to the CH stretch 2928 cm −1 (630 nm and 772 nm) for a coupled average power of only 54 µW (270 W peak power), i.e., a threshold three times lower than previously reported [9] . It is worth noting that the low power of the second stokes, and hence the suppression of any higher order lines, is due to the increased losses of ethanol at the longer wavelengths. Nevertheless, we anticipate that with an appropriately designed smaller core HCPCF, and a wide transparency core material, our results could be improved significantly for the observation of rich nonlinear phenomena in HCPCF-AFLMs.
Conclusion
In conclusion, we have demonstrated a novel approach to fabricating AFLMs which is compatible with wide ranging capillary fibers and PCFs. This integration method has the benefits of ultrahigh compactness, SMF pigtailing, and high efficiency. By combining this with a new CO 2 laser cleaving technique to selectively fill the core of a HCPCF, we can extend the liquids that can be investigated in AFLMs to cover the full complement of material indices. By exploiting the two dimension design space of the PCF cross-sections, we anticipate that our new approach will expand the exploration space of optofluidic interactions in all-in-fiber based devices.
